Abstract It is known that certain quantum cosmological models present quantum behavior for large scale factors. Since quantization can suppress past singularities, it is natural to inquire whether quantum effects can prevent future singularities. To this end, a Friedmann-Robertson-Walker quantum cosmological model dominated by a phantom energy fluid is investigated. The classical model displays accelerated expansion ending in a Big Rip. The quantization is performed in three different ways, which turn out to lead to the same result, namely there is a possibility that quantum gravitational effects could not remove the Big Rip.
Introduction
Ever since there appeared compelling evidence that the Universe is expanding at an increasing rate [1, 2] many ideas have been put forward to make sense of this unexpected discovery. One of the most popular is the assumption that the Universe is homogeneously permeated with a mysterious dark energy which, although unseen, dominates the present energy content of the Universe (for an up-to-date review see [3] [26] [27] [28] [29] , and holography [30] [31] [32] [33] [34] [35] . The generalized Chaplygin gas, described in terms of a complex scalar field, has been first proposed to unify dark matter and dark energy in [36] and [37] . Quartessence [38] [39] [40] [41] , which also relies on exotic equations of state, and a dark fluid implemented by a complex scalar field with an exponential potential [42] are other attempts at unifying dark matter and dark energy. A striking candidate to dark energy is a so-called phantom field [43] whose equation of state is p = wρ with w < −1. A recent analysis [44] shows that the possibility that our Universe contains phantom energy cannot be ruled out by the present observational data. Instead of decreasing as the Universe expands, the phantom energy density grows without bound and eventually dominates any other form of energy. The scale factor, as well as the phantom energy density, becomes infinite a finite time from now. This hypothetical catastrophic end of the Universe, with everything torn apart by the infinite phantom energy density, has been christened a "Big Rip" [45] .
Several suggestions have been made either to shun phantom energy or to retain it while avoiding the Big Rip. The most radical of such proposals do away with dark energy altogether either by ascribing the observed acceleration of the Universe to back-reaction of cosmological perturbations [46, 47] or to a postulated modification of general relativity through the addition of inverse curvature terms to the Einstein-Hilbert action [48] [49] [50] [51] . Other models without dark energy are based on such disparate schemes as taking the Universe to be an expanding spherical 3-brane [52] or imputing the origin of the cosmic acceleration to the short range interaction of fundamental particles [53, 54] . Cosmological evolution in the presence of phantom energy without a Big Rip seems possible, as in the so-called "hessence" models [55] , in which a non-canonical complex scalar field plays the role of dark energy and the equation-of-state parameter can cross the phantom divide w = −1. It has also been claimed that avoidance of the Big Rip in phantom cosmology can be accomplished by gravitational back-reaction [56] .
Phantom-like behavior can arise in a dilatonic brane-world scenario with induced gravity [57] or be caused by a non-Hermitian but CPT symmetric Hamiltonian [58] . At the phenomenological level, in which phantom energy is described as a perfect fluid, thermodynamical considerations [59] suggest that phantom energy has negative entropy, which appears to defy a sensible physical interpretation.
There have been studies not only of classical cosmological scenarios motivated by quantum effects and containing phantom energy [60, 61] but also of the influence of quantized fields on the evolution of classical cosmological models containing a Big Rip [62] , in addition to attempts at reformulating semiclassical effects in terms of an effective phantom fluid in loop quantum cosmology [63] . There are some examples of quantum cosmological models that present quantum behavior for large scale factors [64] [65] [66] . Since, in many cases, quantization has the power to suppress past singularities, it is reasonable to inquire
